SUMMARY
In this study low-input RNA-sequencing was used to annotate the molecular identity of endothelial cells isolated and immunopurified with CD144 microbeads. Using this technique, comparative gene expression profiling from healthy subjects and patients with type 2 diabetes mellitus identified both known and novel pathways linked with EC dysfunction. Modeling of diabetes by treating cultured ECs with high glucose identified shared changes in gene expression in diabetic cells. Overall, the data demonstrate how purified ECs from patients can be used to generate new hypotheses about mechanisms of human vascular disease. Multiple groups have reported using wire biopsy of ECs from peripheral vein or artery to study the activity of specific signaling pathways implicated in EC dysfunction (3) (4) (5) . These targeted approaches identify ECs on the basis of staining for known EC markers.
Other blood cells, especially leukocytes, contaminate these preparations, thereby complicating analysis using conventional microscopy. To overcome these issues, fluorescence-activated cell sorting (FACS) (6) or magnetic microbeads (7) have been used to enrich for ECs during the procedure. However, FACS is time intensive and can damage fragile cells. In addition, the molecular identity of cells retrieved during biopsy and purification has not been determined using unbiased analysis. These issues raise questions about the utility of the EC biopsy technique in discovery-based investigation of vascular disease in humans.
In this study, we used a positive selection step with anti-CD144 microbeads to enrich for ECs rapidly and deplete non-ECs (i.e., circulating leukocytes). We then annotated the molecular identity of both selected and nonselected fractions of cells using unbiased, lowinput RNA sequencing. Differential gene expression HiSeq3000. Reads were trimmed to remove adapter sequences using Cutadapt v1.16 (8) and aligned to the GENCODE GRCm38.p5/human b37 genome using STAR v2.5.3a (9) . GENCODE vM12/Ensembl v75 gene annotations were provided to STAR to improve the accuracy of mapping. Quality control on both raw reads and adaptor-trimmed reads was performed using FastQC. FeatureCounts v1.15.2 (10) was used to count the number of mapped reads to each gene.
Differentially expressed, protein-coding genes were detected by DESeq2 (v1.18.1) (11). Heatmap3 was used for cluster analysis and visualization (12) . Genome ontology analysis was performed on differentially expressed genes using the ToppGene suite. Gene set enrichment analysis (GSEA) was performed using the GSEA package (13) . The gene set for the EC-restricted gene list (n ¼ 151) was obtained from a previously published curated dataset (14) . Beckman et al.
concentration of 25 mM (n ¼ 4). For the mannitol experiment, RNA was extracted by column purification after 6-h, 24-h, or 36-h treatment, then 100 ng was reverse transcribed (iScript, BioRad, Philadelphia, Pennsylvania), and real time-qPCR was performed using standard protocol (2-step amplification, Figures 1B and 2A) . For GSEA, each individual gene set was tested against the entire experimental gene list, using the "stat" result generated by the DESeq2 analysis. The enrichment plots for GSEA and the FDR adjusted p values were generated using the GSEA package, as described in the original publication, without modification ( Figures 1C and 2B) (13). For gene ontology analysis, we used the C9orf172  CAPN14  CIC  CIZ1  COL18A1  CPT1A  DVL1  EGR1  GDPD3  H3F3A  HIC1  KIF19   MAP3K10  MAP7D1  MDC1  MINK1  MYH9  MYO15B  NR4A1  PIEZO1  PRRC2B  RRBP1  SH2D3C  SHANK3 Bonferroni method to adjust for multiple hypothesis testing because it was the most stringent method in the ToppGene Suite ( Figure 1D ). To generate the heatmap comparing EC and FT samples, the geneexpression data were transformed using variancestabilizing transformation in DESeq2 ( Figure 1E ).
Samples were then clustered by Pearson correlation using the specified leukocyte and EC genes. In HUVEC stimulated with mannitol or glucose, the heatmap displays row normalized mean fold change compared with Time 0 (Supplemental Figure 1) . Mean fold change from real-time qPCR data was calculated using the delta-delta cycle threshold (ddCt) method. We Previous work with freshly isolated ECs studied differences in candidate signaling pathways in ECs using targeted immunofluorescence (3, 5, 19, 20 Although the number of patients studied was small, the data presented herein suggest that stress signaling can lead to some convergences in gene expression in vitro and in vivo.
STUDY LIMITATIONS. We cannot exclude the possibility that our CD144 cell-sorting method might bias these results if EC differentiation state and CD144 expression is down-regulated during progression of diabetes, as has been shown in other contexts (29) .
Orthogonal methods, such as multimarker sorting and single-cell RNA-sequencing could be used to overcome these potential limitations. Another limitation of this study is the relatively small number of patients included in this first study of diabetes. In the future, increasing sample size will improve statistical power to discern subtle changes in gene expression between disease or treatment groups.
CONCLUSIONS
These results illustrate how a multimodal experimental platform that couples data from primary human samples with data from established in vitro 
